Damage and Replication Stress Responses by Haiying, Wang et al.
Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)
Interested in publishing with us? 
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com
Open access books available
Countries delivered to Contributors from top 500 universities
International  authors and editors
Our authors are among the
most cited scientists
Downloads
We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists
12.2%
122,000 135M
TOP 1%154
4,800
8 
Damage and Replication Stress Responses  
Haiying Wang1, Ping Shen2 and Wei-Guo Zhu1 
1Key laboratory of Carcinogenesis and Translational Research (Ministry of Education), 
Department of Biochemistry and Molecular Biology,  
Peking University Health Science Center,  
2Department of Applied linguistics, Peking University Health Science Center,  
China  
1. Introduction  
The character of DNA replication is high fidelity.  Precise and complete DNA replication 
is critical for the maintenance of genetic stability.  Failures in these processes are major 
sources of genomic instability and will lead to cancer or other diseases.  A wide variety of 
factors, such as DNA replication errors, spontaneous chemical reactions, reactive 
metabolic products, exogenous environmental agents or some anticancer therapeutics e.g. 
5’-aza-2’-deoxycytidine (5-Aza-CdR), can cause DNA damage (Wang et al, 2008; Zhu et al, 
2004; Chai et al, 2008; Hoeijmakers, 2009). It is estimated that DNA damage occurs at a 
rate of 1,000 to 1,000,000 molecular lesions per cell per day (Lodish, 2004).  In order to deal 
with problems under which the genome is vulnerable to injury or replication stress, 
eukaryotic cells elaborate a genomic maintenance apparatus, which is termed the DNA 
damage response (DDR) and replication stress response, including various checkpoint, 
signal-transduction and effectors system, which monitor problems and trigger a 
comprehensive cellular response pathway to prevent genome integrity.  The extent of 
DNA damage depends on the type of environment to which it is exposed (Hoeijmakers, 
2001). So, organisms must be capable of recognizing and dealing with each type of 
damage.  It is not surprising that there are various different types of DNA damage 
response and repair systems. 
ATM and ATR are at the top of the DNA damage pathways.  Although a cross-talk exists 
between the ATM and ATR pathways, ATM primarily seems to be involved in the detection 
of DNA double-strand breaks via Mre11/Rad50/Nbs1 complex (MRN), ATR is critical for 
cellular responses to a variety of DNA damage and stalled replication forks (Hefferin & 
Tomkinson, 2005).  When these protein kinases activated, they eventually phosphorylate 
and modulate the downstream effectors (e.g., Chk1 and Chk2) and multiple additional 
substrates that initiate the cellular responses. 
Dynamic changes in protein post-translational modifications play a significant role in most 
cellular signalling pathways.  More and more proteins were found in a variety of post-
translational modifications in response to DNA damage and genotoxic stress, such as 
phosphorylation, acetylation, sumolyation, methylation and ubiquitylation. Recent studies 
indicate that a crosstalk between multiple protein modifications exists, which 
collaboratively regulates signal transduction of DNA damage and genetic stresses. 
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Actually, the DNA damage and replication stress response consists of multiple 
interconnected pathways, which impact the cell cycle, DNA replication, DNA repair, 
transcriptional regulation, chromatin remodelling, metabolic and other cellular biological 
processes (Rouse & Jackson, 2002; Zhou & Elledge, 2000). In this chapter, we focus on recent 
findings of DNA damage response signalling pathways. 
2. The DNA damage response pathways 
The ability of cells to respond to DNA damage and replication stress response is critical for 
cellular survival. The evidence indicates that DNA damage and replication stress response 
are a cascade signal transductional process, which consists of multiple interconnected 
pathways through which sense damage or replication stress, transduce the damage signals, 
and trigger cellular responses, including cell cycle arrest, DNA repair or apoptosis (Shiloh, 
2003; Bakkenist & Kastan, 2004; McGowan & Russell, 2004).  In mammalian cells, PI3K 
family members, ATM and ATM-Rad3-related (ATR) are central to the entire DNA damage 
response (Elledge, 1996). All types of DNA lesions induce responses to these two main 
signalling pathways.  Next, we will summarize the model of cells dealing with DNA 
damage and replication stress through these two pathways. 
2.1 ATM dependent cellular response to DNA double strand breaks pathway 
The DNA double strand breaks (DSBs) are the most dangerous damage type for the 
organisms because they are prone to cause genomic rearrangements, cancer predisposition, 
and cell death if not repaired correctly (Wyman & Kanaar, 2006).  Many endogenous and 
exogenous factors may induce DSBs, such as IR, UV, reactive oxygen species (ROS) or 
topoisomerases inhibitors (Tanaka, 2006; Tanaka, 2007).  Cellular responses to DSBs, include 
complex signal-transduction, cell-cycle-checkpoint and repair pathways, play a pivotal role 
in maintenance of the genome integrity.  It is accepted that ATM is a central component of 
the DSB signalling cascade (Khanna & Jackson, 2001; Shiloh, 2001; Abraham, 2001). 
2.1.1 ATM 
ATM is the gene product mutated in ataxia telangiectasia discovered in 1995 and characterized 
by progressive cerebellar ataxia, immune deficiencies, radiation sensitivity, and an increased 
risk of cancer (Lavin & Shiloh, 1997; Savitsky et al, 1995).  ATM is a serine-threonine kinase 
which belongs to the phosphatidylinositol-3-kinase (PI3K) like protein kinases (PIKK) family.  
In normal condition, ATM exists in an inactive form of dimer or multimer.  Following DSBs, 
ATM was dissociated into an active monomer through autophosphorylation (Bakkenist & 
Kastan, 2003). Upon activation, ATM is recruited to DNA breaks where it initiates 
phosphorylation of several substrates such as p53, Mdm2, BRCA1, Chk2 and Nbs1 to initiate 
cell cycle arrest, DNA repair, and apoptosis (Lukas et al., 2003; Shiloh Y, 2006).  
2.1.2 Mechanism for the activation of ATM 
Many progresses have been made on understanding how DSBs activates ATM.  Several 
investigations suggest that the Mre11-Rad50-Nbs1 (MRN) complex is involved in ATM 
activation and recruitment to the sites of DSBs (Uziel et al, 2003; Cerosaletti & Concannon, 
2004), because attenuated activation and no recruitment of ATM to DSBs upon damage were 
found in Mre11- and Nbs1- deficient cell lines.  Earlier studies have shown that MRN lies 
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downstream of the ATM mediated DNA damage signalling pathway because ATM can 
phosphorylate the components of the MRN complex in response to IR (Lim & Ki, 2000; Wu & 
Ranganathan, 2000; Zhao & Weng, 2000). However, further analyses demonstrate that the 
MRN complex is more like an upper actor of ATM pathway (Uziel et al, 2003；Difilippantonio 
et al, 2005; Carson et al, 2003). Because the MRN complex was reported to play a role in early 
detection of DSBs which initiates the localization of ATM to DSBs (Lee & Paull, 2004, 2005).  It 
is now established that ATM at DSBs is a spatio-temporal dynamics mechanism.  At first, 
change in chromatin structure caused by DNA DSB partially activates ATM (Berkovich et al, 
2007). Activated ATM rapidly phosphorylates H2AX on its C-terminus, and Ǆ-H2AX 
subsequently recruits MDC1 (mediator of DNA damage checkpoint protein 1) to bind to it and 
acts as a scaffold, in turn, recruits MRN at the flanking chromatin of DSBs (Burma et al, 2001; 
Stucki & Jackson, 2006; Lou et al, 2006; Stucki et al, 2005), which promotes accumulation of 
ATM to sites of DSBs, where it is fully activated (Lavin, 2008).  In addition, MDC1 also 
mediates the interaction between ATM and Ǆ-H2AX, which contributes to the extended 
phosphorylation of H2AX and the maintenance of the DSB response (Huen & Chen J, 2008).  
Autophosphorylation has been proposed as the other mechanism for ATM activation. Three 
phosphatases, PP2A, PP5 and WIP1, have been reported to be involved in the control of 
ATM activation.  Autophosphorylation on Ser367, Ser1893, Ser1981 and a new site S2996 are 
present on activated ATM through dissociation of the inactive dimeric ATM to an active 
monomeric form (Bakkenist & Kastan, 2003; Kozlov et al, 2010).  Recent reports indicate that 
there is a Nbs1-independent ATM activation pathway which regulates ATM activity 
through its effect on ATM autophosphorylation (Kanu & Behrens, 2007; Sun et al., 2005, 
Gupta et al., 2005; Richard et al, 2008).  Interestingly, notwithstanding the difference on the 
importance of ATM autophosphorylation in humans and in mice, this is certainly the case in 
human cells that autophosphorylation of ATM at serine 1981 is required for the interaction 
of ATM with MDC1, which stabilizes ATM at DSBs and thereby promotes a full-scale 
response to DNA damage (Sairei et al, 2009). Once activated, ATM directly or indirectly 
phosphorylates approximately 30 substrates, such as Chk2, p53, BRCA1, RPAp34, H2AX, 
SMC1, HDMX, FANCD2, Rad17, Artemis or Nbs1, which are involved in cell cycle 
checkpoint control, apoptotic responses and DNA repair. 
2.2 “two-man rule” of ATR in response to DNA damage 
Like ATM, ATR (ATM- and Rad3-related) is a nuclear Ser/Thr kinase which belongs to the 
PIKK family (Bentley et al, 1996).  ATR forms a stable heterodimer with its interacting partner 
ATRIP which can be activated by DNA damage (Cliby et al, 1998; Wright et al, 1998). 
Compared with the ATM, ATR can respond to a broader spectrum of genotoxic stimuli 
including DNA replication inhibitors (such as hydroxyurea), UV radiation, ionizing radiation, 
and agents that induce DNA interstrand cross-links and generate single-stranded DNA 
(Wright et al, 1998; Yang et al, 2003; Costanzo & Gautier, 2003; Wang et al, 2008).  Once the 
break occurs, ATR is recruited by ATR-IP to the sites of DNA damage and interacts with RPA 
to initiate the response (Zou & Elledge, 2003b; Cortez et al, 2001; Wang et al, 2008). 
2.2.1 Mechanisms of ATR activation 
ATR is involved in many different types of DNA damage responses. The common feature is 
that ATR is activated by single strand DNA (ssDNA), which is a common intermediate 
structure that can be formed at sites of DNA damage and replication stress, or induced by 
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most cancer chemotherapies (Costanzo & Gautier, 2003; Zou & Elledge, 2003b). A study 
shows that both ssDNA and a 5′ junction are sufficient to activate ATR signalling 
(MacDougall et al, 2007). ATR activation requires assembly of a protein complex on ssDNA, 
which begins with ATR-ATRIP complex loading on the RPA-coated ssDNA (Stokes et al, 2002; 
MacDougall et al, 2007; Byun et al, 2005). Earlier works have shown that RPA binds to ssDNA 
and then recruits ATR-ATRIP by interacting with ATRIP (Cortez et al, 2001; Ball et al, 2007).  
However, the recruitment to ssDNA is not sufficient for ATR activation (Ball et al., 2005; 
Namiki & Zou, 2006; Yoshioka et al., 2006), it requires additional ATR regulator, Rad9-Rad1-
Hus1 (9-1-1) complex, a heterotrimeric ring-shaped structure like PCNA (Parrilla-Castellar et 
al., 2004). The 9-1-1 complex recognizes a DNA end that is adjacent to a stretch of RPA-coated 
ssDNA through working with RFC-RAD17 (Ellison & Stillman, 2003; Zou et al., 2003a; 
Bermudez et al., 2003). Current models for ATR activation suggest that the 9-1-1 mediated 
recruitment of TopBP1 to the ATR-ATRIP complex, and the ATR-activating domain of TopBP1 
activates the kinase activity of ATR (Harper & Elledge, 2007; Cimprich & Cortez, 2008; 
Shiotani & Zou, 2009; Yan & Michael, 2009).  In addition to be an activator of ATR, TopBP1 is 
also a substrate of ATR.  The phosphorylation of TopBP1 on residue S1131 by ATM enhanced 
the interaction of it with ATR-ATRIP, which suggests that TopBP1 promotes a feed-forward 
signalling loop to amplify ATR-mediated signals (Yoo et al., 2007). Thus, sustained co-
localization of the ATR-ATRIP and 9-1-1-TopBP1 complexes at the DNA damage site may 
increase their local concentration so that ATR activation is stimulated continually by TopBP1.  
However, recruitment of the ATR-ATRIP and 9-1-1-TopBP1 complexes to sites of DNA 
damage or stalled replication forks is independent events (Bonilla et al, 2008; Kondo et al, 2001; 
Melo et al, 2001; Zou et al, 2002; You et al, 2002; Lee et al, 2003). Therefore, there is the two-
man rule in TopBP1-dependent regulation of ATR activity, by which ATRIP and 9-1-1 together 
control the TopBP1 to initiate ATR signalling.  
As described above, activation of ATM involves its autophosphorylation, which helps it 
convert an inactive dimmer form into an active monomers form. Some phosphorylation sites 
on ATR and ATRIP have been found (Cimprich & Cortez, 2008), unlike ATM, as yet, none of 
these identified modifications has been reported to contribute to ATR activation and the 
oligomerization status of ATR-ATRIP.  
2.3 Interplay between ATM and ATR pathway 
It was previously thought that ATM and ATR had overlapping but distinct roles in response 
to DNA damage. However, a current study demonstrate a high degree of cross-talk and 
connectivity. For instance, ATM and ATR collaborate in the IR-induced G2/M checkpoint, 
but incomplete DNA replication in mammalian cells can prevent M phase entry 
independent of ATR (Brown & Baltimore, 2003). Recently, Trenz et al indicate that both 
ATM and ATR promote Mre11-dependent restart of collapsed replication forks and prevent 
accumulation of DNA DSBs (Trenz et al, 2006). Another study showed that ATR is activated 
rapidly by IR, and both ATM and Mre11 enhance ATR signalling (Myers & Cortez, 2006).  
The new data demonstrate that ATR is required for the response to either replication stress 
or IR without any role for ATM (Paul et al. 2004). 
3. DNA damage response pathways and cell cycle checkpoints 
The maintenance of genome stability is critical to the survival and propagation of all cellular 
organisms. The cell cycle is required for cell growth and cell division into two daughter 
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cells. Cell cycle checkpoints are regulatory pathways that control the cell cycle events in the 
right order.  DNA is vulnerable to diverse types of injury throughout the cell cycle.  In 
response to DNA damage, checkpoint surveillance mechanisms initiate a cascade of events 
which coordinate cell cycle arrest and facilitate DNA repair pathways.  These checkpoints 
include the G1/S, intra-S and G2/M of the cell cycle and are controlled by the ATM/Chk2 
and ATR/Chk1 pathways. We will discuss the progresses of different signalling pathways 
involved in different checkpoints. 
3.1 G1 Checkpoint 
G1 checkpoint is the first checkpoint making the key decision of whether the cell should 
divide or arrest, which prevents the damaged DNA from being replication (Bartek & Lukas, 
2001). The major player in the G1 checkpoint is the p53 protein. In normal cells, p53 is 
maintained at low levels due to interaction with MDM2, which targets p53 for degradation 
in the cytoplasm (Alarcon-Vargas & Ronai, 2002).  In response to distinct or partially 
overlapping types of DNA damage, p53 is activated by ATM or ATR through 
phosphorylating different Ser/Thr residues directly and indirectly (Matsuoka et al., 2000; 
Maya et al., 2001; Shieh et al., 2000). The phosphorylation of Ser15 appears important in 
enhancing p53 transcriptional transactivation activity (Dumaz & Meek, 1999; Wang et al, 
2008).  The result of p53 activation is the up-regulation of various target genes (such as 
MDM2, GADD45a, and p21Waf1/Cip1), some of which are involved in the DNA damage 
response. p21Waf1/Cip1 elicits G1 arrest through suppressing Cyclin E/Cdk2 kinase activity 
(Bartek & Lukas, 2001).  In other p53 target genes, such as Gadd45 and BIG2, also lead to G1 
arrest.  p53 lead to G1 checkpoint arrest in multiple pathways, now, p53 is reported to 
contribute to maintain G1 checkpoint control via activating microRNAs directly.  
3.2 S-phase Checkpoint 
The S-phase checkpoint monitors cell cycle process and lowers the rate of DNA replication 
after DNA damage.  ATM plays a primary role in contributing to S-phase checkpoints 
although it overlapping with the ATR dependent pathway in maintenance of the S-phase 
checkpoint.  In response to ionizing radiation, ATM phosphorylates Nbs1 and Chk2 and 
triggers two parallel cascades of the DNA damage responses to activate the S-phase 
checkpoint. One is the ATM–Chk2–Cdc25A pathway; the other is the ATM dependent 
NBS1/BRCA1/SMC1 pathway, though the mechanism of this pathway is not well 
understood (Falck et al., 2002).  On the other hand, the ATR-Chk1 pathway is also involved 
in the S-phase checkpoint arrest auxiliary in response to IR. Furthermore, the ATR-Chk1 
pathway plays a dominant role in directing S-phase checkpoint arrest in response to UV 
damage and replication errors (Abraham, 2001). 
3.3 G2 Checkpoint 
The G2 cell cycle checkpoint is an important control point which functions to prevent 
damaged DNA from being segregated into daughter cells. This checkpoint activation 
depends on the maintenance of Cdc2 phosphorylation on T14 and Y15 (Rhind et al., 1997).  
ATM and ATR both indirectly modulate the phosphorylation status of these sites in 
response to DNA damage.  Different from other checkpoints, ATR mainly controls the 
response to UV damage and replication blocks. The response to IR is also mediated 
primarily by ATR while ATM plays a supporting role（Graves et al, 2000).  Upon DNA 
www.intechopen.com
 
DNA Replication - Current Advances 
 
188 
damage, ATR and ATM phosphorylate their downstream kinases Chk1 and Chk2, 
respectively, and then phosphorylate the phosphatase Cdc25C on Ser216 (Peng et al., 1997). 
The phosphorylated Cdc25C binds with 14-3-3 protein and is sequestered in the cytoplasm, 
which prevents Cdc25C from dephosphorylating Cdc2 in the nucleus and the cells remain 
arrested in the G2 phase (Lopez-Girona et al., 1999; Peng et al., 1997).  
p53 also plays a role in the G2/M checkpoint (Passalaris et al., 1999).  Activated p53 in 
response to DNA damage results in G2/M checkpoint arrest through induction of GADD45 
(Zhan et al., 1994).  In addition, p53-dependent transcriptional repression of cdc2 and cyclin 
B may also contribute to the G2/M checkpoint (Passalaris et al., 1999). 
4. DNA damage response and protein post-modifications 
Post-translational modifications play a vital role in harmonizing cellular response to DNA 
damage. More and more proteins were found occurring in a variety of post-translational 
modifications including phosphorylation, acetylation, methylation and ubiquitylation in 
response to DNA damage or genotoxic stress.  Recent research suggests that a crosstalk 
exists between multiple protein modifications.  Here, we will summarize recent findings of 
protein post-translational modifications in coordinating the DNA damage response 
signalling cascade. 
4.1 Protein phosphorylation modification in response to DNA damage 
Signal transduction is predominantly mediated by a cascade of protein phosphorylation and 
dephosphorylation reactions, which is of prime importance for the organisms to sense the 
external and internal stimuli and generate the appropriate responses. Protein 
phosphorylation plays the same role in cellular DNA damage response.  As indicated above, 
in responding to DSB signalling, ATM undergoes autophosphorylation, which seems to be 
instrumental in the monomerization and activation of ATM.  It seems that DNA lesions 
activate various protein kinases, such as ATM and ATR, which transduce the damage 
signalling by directly phosphorylating or mediating the phosphorylation and activation of 
numerous substrates involved in the DNA repair machinery, the cell cycle checkpoints and 
apoptosis (Abraham, 2001; Osborn et al., 2002).  So far, more than 700 proteins have been 
identified to be phosphorylated in response to DNA damage (Matsuoka et al., 2007). A 
signalling cascade is initiated starting with the phosphorylation of H2AX (Ǆ-H2AX).  Ǆ-
H2AX is a chromatin-based signal that regulates the assembly of DNA damage response 
proteins at the break sites and induction of DNA repairs (Lavin, 2008; Cook et al., 2009).  So, 
the H2AX phosphorylation level is not only important as a marker of the DNA damage 
response, but also involve in DNA repair processes (van Attikum & Gasser, 2009). 
The effector p53 stands at the cross-roads of cellular responses to various stresses (Appella 
& Anderson, 2001; Bode & Dong, 2004).  DNA damage leads to specific phosphorylation 
modifications of p53 protein. Up to date, at least 20 phosphorylation sites have been 
detected in the p53 molecule in human cells following DNA damage (Bode & Dong, 2004). 
Some of which were phosphorylated by ATM in response to irradiation and 
chemotherapeutic drugs (Banin et al, 1998; Canman et al, 1998), whereas some are 
phosphorylated by ATR when cells are treated with UV or anti-cancer drugs (Appella & 
Anderson, 2001; Wang, 2008). Phosphorylation of p53 usually modulates its stability and 
sequence-specific DNA binding activity (Bode & Dong, 2004). Two major phospho-binding 
modules, the BRCA1 C-terminal repeat (BRCT) and the forkhead-associated (FHA) domain, 
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which are present in many proteins are involved in the cellular response to DNA damage, 
and facilitated protein-protein interactions in the recruitment and activation of damage 
signalling (Yu et al, 2003; Hofmann & Bucher, 1995; Li et al, 2002).  
4.2 Protein acetylation in response to DNA damage 
Phosphorylation is not the only post-translational modification in cellular response to DNA 
damage. For instance, following DSB, ATM is activated in the vicinity of the break and is 
recruited to the break site by the MRN complex where it is fully activated, facilitated by not 
only autophosphorylation but also acetylation of ATM (Bakkenist & Kastan, 2003; Sun et al, 
2007). The study showed that after DNA damage, CK2 phosphorylates and releases HP1ǃ 
from chromatin which recruits a ATM-Tip60 complex to MRN at the break site. This 
promotes interaction between Tip60 acetyltransferase and the unbound histone H3 K9me3 
leading to acetylation and activation of ATM (Sun et al, 2009). A single site at Lys3016 is 
acetylated by Tip60 acetyltransferase. This mutation inhibits the monomerization and up-
regulation of ATM activation by DNA damage, further prevents ATM-dependent 
phosphorylation of p53 and checkpoint kinase-2 (Chk2) (Sun et al, 2005, 2007). 
As the recruitment of the Tip60 acetyltransferase, the deacetylase enzymes HDAC1, 
HDAC2, HDAC4, SIRT1, and SIRT6 also have been observed at DSB sites in mammalian 
cells (Kao et al. 2003; Oberdoerffer et al. 2008; Kaidi et al. 2010; Miller et al. 2010). For 
instance, the MRN complex serves as a sensor for the detection of DSBs and is involves in 
the S phase checkpoint (Paull & Lee, 2005; van den Bosch et al, 2003).  The acetylation level 
of NBS1 was recently reported to be tightly regulated by deacetylase SIRT1 (Yuan et al., 
2007).  Moreover, SIRT6-dependent deacetylation of the CtIP in response to DSBs stimulates 
the RPA and RAD51 foci, thus promoting ATR signalling and DSB repair (Kaidi et al. 2010). 
Furthermore, histone acetylation can regulate the dynamics of DDR factors in the vicinity of 
DNA breaks. 
p53 acetylation also plays important roles in response to various types of DNA damage (Gu 
& Roeder, 1997; Lill et al, 1997; Nag et al, 2007).  Transcription factors with histone 
acetyltransferase activity, p300/CBP, p300/CBP-associated factor (PCAF), and Tip60 are 
reported to be mainly responsible for the p53 acetylation (Liu et al., 1999; Sykes et al.,2006; 
Tang et al., 2006, 2008).  p53 acetylation can increase its sequence-specific DNA binding 
capacity (Gu & Roeder, 1997; Zhao et al, 2006; Luo et al, 2004) or enhance its stabilization by 
inhibiting ubiquitination of p53 mediated by MDM2 (Li et al, 2002; Ito et al, 2002). Recently 
our studies indicate that histone deacetylase inhibitors and other chemical agents also 
induce p53 acetylation through the DNA damage response pathway (Zhao et al, 2006; Wang 
et al, 2008).  Novel discoveries further confirm that p53 acetylation is an indispensable event 
for mediating the p53 response (Kruse & Gu, 2009). However, the regulatory mechanisms 
involving in this posttranslational modification are still largely unknown. 
4.3 Protein ubiquitylation in response to DNA damage 
Ubiquitylation is the process by which the 76-amino-acid polypeptide ubiquitin is attached 
to the target protein singly (monoubiquitylation) or in the form of polyubiquitin chains 
(polyubiquitylation) via the covalent bond. This is an enzyme cascade reaction which is 
involved by ubiquitin E1, E2 and E3 ligase proteins (Pickart, 2001).  A growing number 
evidences have shown that ubiquitylation and deubiquitylation are important regulatory 
mechanisms in response to DNA damage and genotoxic stresses.  Assembly of DNA 
damage response proteins at the break site is catalyzed by the E3 ubiquitin ligases.  
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Consistent with these actions, several ubiquitin ligases have been shown to accumulate at 
sites of DNA breaks in mammalian cells, including BRCA1, RNF8, RNF168, RAD18, HERC2, 
and PRC1 (Polycomb-repressive complex 1) (Scully et al. 1997; Kolas et al. 2007; Doil et al. 
2009; Huang et al. 2009; Stewart et al. 2009; Bekker-Jensen & Mailand, 2010; Chou et al., 
2010; Lavin, 2008).  For example, phosphorylation of MDC1 at ATM consensus sites 
promotes interaction with RNF8, the E3 ubiquitin ligase, which in turn ubiquitylates H2A, 
leading to the accumulation of 53BPI, BRCA1, and other proteins at the site of damage 
(Kolas et al, 2007; Mailand et al, 2007).  Ubiquitylated H2A serves as an interacting partner 
for RNF168 that further propagates the ubiquitylation of H2A and other unknown targets at 
the double-strand break site (Doil et al, 2009; Stewart, 2009).  In addition, FANCD2 (Fanconi 
anemia complementation group D2) is monoubiquitinated during the S phase (Taniguchi et 
al. 2002) and in response to various DNA damaging agents, which is required for its 
localization to DNA damage foci (Garcia-Higuera et al. 2001).  It is demonstrated that ATR is 
required for efficient FANCD2 monoubiquitination and foci assembly in response to various 
genotoxic stresses, including IR and MMC.  Another example is p53, which is kept at low 
level in unstressed cells through Mdm2-mediated polyubiquitination, which leads to 
nuclear export of p53 and subsequent proteasomal degradation. DNA damage attenuates 
polyubiquitination of p53, thereby stabilizes and activates p53 as a transcription factor, up-
regulating expression of numerous proteins involved in cell cycle control, apoptosis and 
senescence (Toledo & Wahl, 2006; Bode & Dong, 2004).  
Besides ubiquitylation, deubiquitylation has also been documented as an opposite way to 
regulate protein stability in response to genotoxic stress. A number of de-ubiquitylating 
enzymes (DUBs) were identified at double-strand breaks including USP3, USP28 and 
BRCC36. BRCC36 antagonizes RNF8-dependent ubiquitylation to maintain steady state 
levels required for appropriate signalling (Sobhian et al, 2007; Chen et al, 2006; Shao et al, 
2009). USP3 is a chromatin-associated DUB that also antagonizes RNF8-mediated 
ubiquitylation (Nicassio et al, 2007). USP28 is a major regulator of DNA damage-induced 
apoptosis. It was shown that USP28 stabilizes CHK2, 53BP1 and a number of other DNA 
damage responsive proteins upon irradiation (Wu-Baer et al, 2003). 
4.4 Crosstalk between post-translational modifications in response to DNA damage 
Recent researches suggest that a crosstalk exists among multiple protein modifications, 
which collaboratively to regulate signal transduction of DNA damage and genetic stresses. 
p53, is subjected to multiple posttranslational modifications in response to genotoxic stress, 
which results in the accumulation of p53 and triggers its transcriptional activities. The 
damage-induced phosphorylation of p53 seems to be a signal for subsequent acetylation, 
because phosphorylation enhances its association with the CBP/p300 and PCAF to induce 
p53 acetylation in response to DNA damage, which results in p53 acetylation and further 
stabilized (Wang, 2008). Recent reports revealed that the Set8/Pr-Set7 methyltransferase 
suppresses p53 function in response to DNA damage (Shi et al. 2007), and lysine 
methylation of p53 by Set7/9 methyltransferase is important for its subsequent acetylation, 
which results in stabilization of the p53 protein (Ivanov et al., 2007). We also demonstrate 
that Set7/9 interacts with Sirt1 and induces a decrease in binding of Sirt1 to p53, and this 
relatively enhances p53 transactivity(Liu et al, 2011). 
Apart from the above mentioned, H2AX, a variant form of H2A, is known to be acetylated 
by Tip60 acetyltransferase following DNA damage. Acetylated H2AX is required for its 
subsequent ubiquitylation via the ubiquitin-conjugating enzyme UBC13 (Ikura et al., 2007). 
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They suggested that acetylation-dependent ubiquitination by the Tip60-UBC13 complex 
leads to the release of H2AX from damaged chromatin, which enhanced histone dynamics 
and in turn stimulates a DNA damage response.  
5. Conclusion 
In summary, instability of genome is a constant problem of organisms.  The coordination of 
DNA damage response (DDR) processes is required to maintain cellular viability and 
prevent diseases. The ATM and ATR protein kinases are master regulators of the DNA 
damage response. To further understand the molecular mechanisms through which the 
DDR operates, elucidate the genetic interactions between different DDR pathways and 
between DDR pathways and other cellular pathways, will be helpful for therapeutic 
strategies to treat many human disease.  
6. Acknowledgment 
This article was supported by National Natural Science Foundation of China 90919030 and 
31070691 to Wei-Guo Zhu and 31071117 to Haiying Wang, and Beijing Natural Science 
Foundation 7112081(Study on the mechenism of HDAC inhibitor depsipeptide in cancer 
treatment) to Haiying Wang. 
7. Abbreviations 
The abbreviations used are: ATM, ataxia-telangiectasia mutated; ATR, ATM and Rad3-
related; Chk, Checkpoint kinase; IR, ionizing radiation; PIKK, phosphoinositide-3 kinase-
related kinases; ATR-IP, ATR-interacting protein; ROS, reactive oxygen species; DSB, double 
strand break ; 5-Aza-CdR,5’-aza-2’-deoxycytidine; DDR, DNA damage response; MRN, 
Mre11/Rad50/Nbs1; ssDNA, single strand DNA; 9-1-1, Rad9-Rad1-Hus1; FHA, forkhead-
associated; BRCT, BRCA1 C-terminal; PRC1, Polycomb-repressive complex 1; DUBs, de-
ubiquitylating enzymes. 
8. References 
Abraham RT (2001) Cell cycle checkpoint signaling through the ATM and ATR kinases.  
Genes Dev 15(17):2177-2196. 
Alarcon-Vargas D & Ronai Z (2002) p53-Mdm2--the affair that never ends. Carcinogenesis 
23(4):541-547. 
Appella E & Anderson CW (2001) Post-translational modifications and activation of p53 
bygenotoxic stresses. Eur J Biochem 268(10):2764-2772. 
Bakkenist CJ & Kastan MB (2003) DNA damage activates ATM through intermolecular 
autophosphorylation and dimer dissociation. Nature 421(6922):499-506. 
Bakkenist CJ & Kastan MB (2004) Initiating cellular stress responses. Cell 118(1):9-17. 
Ball HL, Ehrhardt MR, Mordes DA, Glick GG, Chazin WJ & Cortez D. (2007) Function of 
aconserved checkpoint recruitment domain in ATRIP proteins. Mol Cell Biol 
27(9):3367-3377. 
www.intechopen.com
 
DNA Replication - Current Advances 
 
192 
Ball HL, Myers JS, & Cortez D (2005) ATRIP binding to replication protein A-single-
stranded DNA promotes ATR-ATRIP localization but is dispensable for Chk1 
phosphorylation. Mol Biol Cell 16(5):2372-2381. 
Banin S, Moyal, L, Shieh, S, Taya, Y, Anderson, C W, Chessa, L, Smorodinsky, N I, Prives, C, 
Reiss, Y, Shiloh, Y, & Ziv, Y (1998) Enhanced phosphorylation of p53 by ATM in 
response to DNA damage. Science 281(5383):1674-1677. 
Bartek J & Lukas J (2001) Mammalian G1- and S-phase checkpoints in response to DNA 
damage. Curr Opin Cell Biol 13(6):738-747. 
Bekker-Jensen S & Mailand N (2010) Assembly and function of DNA double-strand break 
repair foci in mammalian cells. DNA Repair  9(12):1219-1228. 
Bentley NJ, Holtzman DA, Flaggs G, Keegan KS, DeMaggio A, Ford JC, Hoekstra M& Carr 
AM. (1996) The Schizosaccharomyces pombe rad3 checkpoint gene. Embo J 
15(23):6641-6651. 
Berkovich E, Monnat RJ, Jr., & Kastan MB (2007) Roles of ATM and NBS1 in chromatin 
structure modulation and DNA double-strand break repair. Nat Cell Biol 9(6):683-
690. 
Bermudez VP, Lindsey-Boltz LA, Cesare AJ, Maniwa Y, Griffith JD, Hurwitz J & Sancar 
A.(2003) Loading of the human 9-1-1 checkpoint complex onto DNA by the 
checkpoint clamp loader hRad17-replication factor C complex in vitro. Proc Natl 
Acad Sci U S A 100(4):1633-1638. 
Bode AM DZ (2004) Post-translational modification of p53 in tumorigenesis. Nat Rev Cancer. 
4(10):793-805. 
Bonilla CY, Melo JA, & Toczyski DP (2008) Colocalization of sensors is sufficient to activate 
the DNA damage checkpoint in the absence of damage. Mol Cell 30(3):267-276. 
Brown EJ & Baltimore D (2003) Essential and dispensable roles of ATR in cell cycle arrest 
and genome maintenance. Genes Dev 17(5):615-628. 
Burma S, Chen BP, Murphy M, Kurimasa A, & Chen DJ (2001) ATM phosphorylates histone 
H2AX in response to DNA double-strand breaks. J Biol Chem 276(45):42462-42467. 
Byun TS, Pacek M, Yee MC, Walter JC, & Cimprich KA (2005) Functional uncoupling of 
MCM helicase and DNA polymerase activities activates the ATR-dependent 
checkpoint. Genes Dev 19(9):1040-1052. 
Canman CE, Lim, DS, Cimprich, KA, Taya, Y, Tamai, K, Sakaguchi, K, Appella, E, Kastan, M 
B & Siliciano, JD. (1998) Activation of the ATM kinase by ionizing radiation and 
phosphorylation of p53. Science 281(5383):1677-1679. 
Carson CT, Schwartz RA, Stracker TH, Lilley CE, Lee DV & Weitzman MD. (2003) The 
Mre11 complex is required for ATM activation and the G2/M checkpoint. Embo J 
22(24):6610-6620. 
Cerosaletti K & Concannon P (2004) Independent roles for nibrin and Mre11-Rad50 in the 
activation and function of Atm. J Biol Chem 279(37):38813-38819. 
Chai G, Li L, Zhou W, Wu L, Zhao Y, Wang D, Lu S, Yu Y, Wang H, McNutt MA, Hu YG, 
Chen Y, Yang Y, Wu X, Otterson GA & Zhu WG. (2008) HDAC inhibitors act with 
5-aza-2'-deoxycytidine to inhibit cell proliferation by suppressing removal of 
incorporated abases in lung cancer cells. PLoS One 3(6):e2445. 
Chen X, Arciero CA, Wang C, Broccoli D, & Godwin AK (2006) BRCC36 is essential for 
ionizing radiation-induced BRCA1 phosphorylation and nuclear foci 
formation.Cancer Res 66(10):5039-5046. 
www.intechopen.com
 
Damage and Replication Stress Responses 
 
193 
Chou DM, Adamson B, Dephoure NE, Tan X, Nottke AC, Hurov KE, Gygi SP, Colaiacovo 
MP & Elledge SJ. (2010) A chromatin localization screen reveals poly (ADP ribose)-
regulated recruitment of the repressive polycomb and NuRD complexes to sites of 
DNA damage. Proc Natl Acad Sci U S A 107(43):18475-18480. 
Cimprich KA & Cortez D (2008) ATR: an essential regulator of genome integrity. Nat Rev 
Mol Cell Biol 9(8):616-627. 
Cliby WA, Roberts CJ, Cimprich KA, Stringer CM, Lamb JR, Schreiber SL & Friend SH. 
(1998) Overexpression of a kinase-inactive ATR protein causes sensitivity to DNA-
damaging agents and defects in cell cycle checkpoints. Embo J 17(1):159-169. 
Cook PJ, Ju BG, Telese F, Wang X, Glass CK & Rosenfeld MG.. (2009) Tyrosine 
dephosphorylation of H2AX modulates apoptosis and survival decisions. Nature 
458(7238):591-596. 
Cortez D, Guntuku S, Qin J, & Elledge SJ (2001) ATR and ATRIP: partners in checkpoint 
signaling. Science 294(5547):1713-1716. 
Costanzo V & Gautier J (2003) Single-strand DNA gaps trigger an ATR- and Cdc7-
dependent checkpoint. Cell Cycle 2(1):17. 
Difilippantonio S, Celeste A, Fernandez-Capetillo O, Chen HT, Reina San Martin B, Van 
Laethem F, Yang YP, Petukhova GV, Eckhaus M, Feigenbaum L, Manova K, 
Kruhlak M, Camerini-Otero RD, Sharan S, Nussenzweig M & Nussenzweig A. 
(2005) Role of Nbs1 in the activation of the Atm kinase revealed in humanized 
mouse models. Nat Cell Biol 7(7):675-685. 
Doil C, Mailand N, Bekker-Jensen S, Menard P, Larsen DH, Pepperkok R, Ellenberg J, Panier 
S, Durocher D, Bartek J, Lukas J & Lukas C. (2009) RNF168 binds and amplifies 
ubiquitin conjugates on damaged chromosomes to allow accumulation of repair 
proteins. Cell 136(3):435-446. 
Dumaz N & Meek DW (1999) Serine15 phosphorylation stimulates p53 transactivation but 
does not directly influence interaction with HDM2. Embo J 18(24):7002-7010. 
Elledge SJ (1996) Cell cycle checkpoints: preventing an identity crisis. Science 274(5293):1664-
1672. 
Ellison V & Stillman B (2003) Biochemical characterization of DNA damage checkpoint 
complexes: clamp loader and clamp complexes with specificity for 5' recessed 
DNA. PLoS Biol 1(2):E33. 
Falck J, Petrini JH, Williams BR, Lukas J, & Bartek J (2002) The DNA damage-dependent 
intra-S phase checkpoint is regulated by parallel pathways. Nat Genet 30(3):290-294. 
Garcia-Higuera I, Taniguchi T, Ganesan S, Meyn MS, Timmers C, Hejna J, Grompe M & 
D'Andrea AD. (2001) Interaction of the Fanconi anemia proteins and BRCA1 in a 
common pathway. Mol Cell 7(2):249-262. 
Graves PR, Yu L, Schwarz JK, Gales J, Sausville EA, O'Connor PM & Piwnica-Worms H. 
(2000) The Chk1 protein kinase and the Cdc25C regulatory pathways are targets of 
the anticancer agent UCN-01. J Biol Chem 275(8):5600-5605. 
Gu W &Roeder RG (1997) Activation of p53 sequence-specific DNA binding by acetylation 
of the p53 C-terminal domain. Cell 90(4):595-606. 
Gupta A, Sharma GG, Young CS, Agarwal M, Smith ER, Paull TT, Lucchesi JC, Khanna KK, 
Ludwig T& Pandita TK. (2005) Involvement of human MOF in ATM function. Mol Cell Biol 
25(12):5292-5305. 
www.intechopen.com
 
DNA Replication - Current Advances 
 
194 
Harper JW & Elledge SJ (2007) The DNA damage response: ten years after. Mol Cell 
28(5):739-745. 
Hefferin ML & Tomkinson AE (2005) Mechanism of DNA double-strand break repair by 
non-homologous end joining. DNA Repair (Amst) 4(6):639-648. 
Hoeijmakers JH (2009) DNA damage, aging, and cancer. N Engl J Med 361(15):1475-
1485.Hoeijmakers JH (2001) Genome maintenance mechanisms for preventing 
cancer. Nature 411(6835):366-374. 
Hofmann K & Bucher P (1995) The FHA domain: a putative nuclear signalling domain 
found in protein kinases and transcription factors. Trends Biochem Sci 20(9):347-349. 
Huang J, Huen MS, Kim H, Leung CC, Glover JN, Yu X & Chen J. (2009) RAD18 transmits 
DNA damage signalling to elicit homologous recombination repair. Nat Cell Biol 
11(5):592-603. 
Huen MS & Chen J (2008) The DNA damage response pathways: at the crossroad of protein 
modifications. Cell Res 18(1):8-16. 
Ikura T, Tashiro S, Kakino A, Shima H, Jacob N, Amunugama R, Yoder K, Izumi S, Kuraoka 
I, Tanaka K, Kimura H, Ikura M, Nishikubo S, Ito T, Muto A, Miyagawa K, Takeda 
S, Fishel R, Igarashi K & Kamiya K. (2007) DNA damage-dependent acetylation and 
ubiquitination of H2AX enhances chromatin dynamics. Mol Cell Biol 27(20):7028-
7040. 
Ito A KY, Lai CH, Kovacs JJ, Higashimoto Y, Appella E, Yao TP (2002) MDM2-HDAC1-
mediated deacetylation of p53 is required for its degradation. EMBO J. 21(22):6236-
6245. 
Ivanov GS, Ivanova T, Kurash J, Ivanov A, Chuikov S, Gizatullin F, Herrera-Medina EM, 
Rauscher F 3rd, Reinberg D & Barlev NA. (2007) Methylation-acetylation interplay 
activates p53 in response to DNA damage. Mol Cell Biol 27(19):6756-6769. 
Kaidi A, Weinert BT, Choudhary C, & Jackson SP (2010) Human SIRT6 promotes DNA end 
resection through CtIP deacetylation. Science 329(5997):1348-1353. 
Kanu N & Behrens A (2007) ATMIN defines an NBS1-independent pathway of ATM 
signalling. Embo J 26(12):2933-2941. 
Kao GD, McKenna WG, Guenther MG, Muschel RJ, Lazar MA & Yen TJ. (2003) Histone 
deacetylase 4 interacts with 53BP1 to mediate the DNA damage response. J Cell Biol 
160(7):1017-1027. 
Khanna KK & Jackson SP (2001) DNA double-strand breaks: signaling, repair and the cancer 
connection. Nat Genet 27(3):247-254. 
Kolas NK, Chapman JR, Nakada S, Ylanko J, Chahwan R, Sweeney FD, Panier S, Mendez M, 
Wildenhain J, Thomson TM, Pelletier L, Jackson SP & Durocher D. (2007) 
Orchestration of the DNA-damage response by the RNF8 ubiquitin ligase. Science 
318(5856):1637-1640. 
Kondo T, Wakayama T, Naiki T, Matsumoto K, & Sugimoto K (2001) Recruitment of Mec1 
and Ddc1 checkpoint proteins to double-strand breaks through distinct 
mechanisms. Science 294(5543):867-870. 
Kozlov SV, Graham ME, Jakob B, Tobias F, Kijas AW, Tanuji M, Chen P, Robinson PJ, 
Taucher-Scholz G, Suzuki K, So S, Chen D & Lavin MF. (2011) 
Autophosphorylation and ATM activation: additional sites add to the complexity. J 
Biol Chem 286(11):9107-9119. 
Kruse JP & Gu W (2009) Modes of p53 regulation. Cell 137(4):609-622. 
www.intechopen.com
 
Damage and Replication Stress Responses 
 
195 
Kumagai A, Lee J, Yoo HY, & Dunphy WG (2006) TopBP1 activates the ATR-ATRIP 
complex. Cell 124(5):943-955. 
Lavin MF & Shiloh Y (1997) The genetic defect in ataxia-telangiectasia. Annu Rev Immunol 
15:177-202. 
Lavin MF (2008) Ataxia-telangiectasia: from a rare disorder to a paradigm for cell signalling 
and cancer. Nat Rev Mol Cell Biol 9(10):759-769. 
Lee J, Kumagai A, & Dunphy WG (2003) Claspin, a Chk1-regulatory protein, monitors DNA 
replication on chromatin independently of RPA, ATR, and Rad17. Mol Cell 
11(2):329-340. 
Lee JH & Paull TT (2004) Direct activation of the ATM protein kinase by the 
Mre11/Rad50/Nbs1 complex. Science 304(5667):93-96. 
Lee JH & Paull TT (2005) ATM activation by DNA double-strand breaks through the Mre11-
Rad50-Nbs1 complex. Science 308(5721):551-554. 
Li J, Williams BL, Haire LF, Goldberg M, Wilker E, Durocher D, Yaffe MB, Jackson SP & 
Smerdon SJ. (2002) Structural and functional versatility of the FHA domain in 
DNA-damage signaling by the tumor suppressor kinase Chk2. Mol Cell 9(5):1045-
1054. 
Li M LJ, Brooks CL, Gu W (2002) Acetylation of p53 inhibits its ubiquitination by Mdm2. J 
Biol Chem. 277(52):50607-50611. 
Lill NL GS, Ginsberg D, DeCaprio J, Livingston DM. (1997) Binding and modulation of p53 
by p300/CBP coactivators. Nature. 387(6635):823-827. 
Lim DS & Kim ST. (2000) ATM phosphorylates p95/nbs1 in an S-phase checkpoint pathway. 
Nature 404(6778):613-617. 
Liu L SD, Trievel RC, Zhang HB, Marmorstein R, Halazonetis TD, Berger SL (1999) p53 sites 
acetylated in vitro by PCAF and p300 are acetylated in vivo in response to DNA 
damage. Mol Cell Biol. 19(2):1202-1209. 
Liu X, Wang D, Zhao Y, Tu B, Zheng Z, Wang L, Wang H, Gu W, Roeder RG & Zhu WG. 
(2011) Methyltransferase Set7/9 regulates p53 activity by interacting with Sirtuin 1 
(SIRT1). Proc Natl Acad Sci U S A 108(5):1925-1930. 
Lodish H, Berk A, Matsudaira P, Kaiser CA, Krieger M, Scott MP, Zipursky SL & Darnell 
J.(2004). Molecular Biology of the Cell, p963. WH Freeman: New York, NY. 5th ed. 
Lopez-Girona A, Furnari B, Mondesert O, & Russell P (1999) Nuclear localization of Cdc25 is 
regulated by DNA damage and a 14-3-3 protein. Nature 397(6715):172-175. 
Lou Z, Minter-Dykhouse K, Franco S, Gostissa M, Rivera MA, Celeste A, Manis JP, van 
Deursen J, Nussenzweig A, Paull TT, Alt FW & Chen J. (2006) MDC1 maintains 
genomic stability by participating in the amplification of ATM-dependent DNA 
damage signals. Mol Cell 21(2):187-200. 
Lukas C, Falck J, Bartkova J, Bartek J, & Lukas J (2003) Distinct spatiotemporal dynamics of 
mammalian checkpoint regulators induced by DNA damage. Nat Cell Biol 5(3):255-
260. 
Luo J, Li, M., Tang, Y., Laszkowska, M., Roeder, R. G. & Gu, W. (2004) Acetylation of p53  
augments its site-specific DNA binding both in vitro and in vivo. Proc Natl Acad Sci 
U S A 101(8):2259-2264. 
MacDougall CA, Byun TS, Van C, Yee MC, & Cimprich KA (2007) The structural 
determinants of checkpoint activation. Genes Dev 21(8):898-903. 
www.intechopen.com
 
DNA Replication - Current Advances 
 
196 
Mailand N, Bekker-Jensen S, Faustrup H, Melander F, Bartek J, Lukas C & Lukas J. (2007) 
RNF8 ubiquitylates histones at DNA double-strand breaks and promotes assembly 
of repair proteins. Cell 131(5):887-900. 
Matsuoka S, Rotman G, Ogawa A, Shiloh Y, Tamai K & Elledge SJ. (2000) Ataxia 
telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proc Natl Acad Sci 
U S A 97(19):10389-10394. 
Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER 3rd, Hurov KE, Luo J, Bakalarski 
CE, Zhao Z, Solimini N, Lerenthal Y, Shiloh Y, Gygi SP & Elledge SJ. (2007) ATM 
and ATR substrate analysis reveals extensive protein networks responsive to DNA 
damage. Science 316(5828):1160-1166. 
Maya R, Balass M, Kim ST, Shkedy D, Leal JF, Shifman O, Moas M, Buschmann T, Ronai Z, 
Shiloh Y, Kastan MB, Katzir E & Oren M. (2001) ATM-dependent phosphorylation 
of Mdm2 on serine 395: role in p53 activation by DNA damage. Genes Dev 
15(9):1067-1077. 
McGowan CH & Russell P (2004) The DNA damage response: sensing and signaling. Curr 
Opin Cell Biol 16(6):629-633. 
Melo JA, Cohen J, & Toczyski DP (2001) Two checkpoint complexes are independently 
recruited to sites of DNA damage in vivo. Genes Dev 15(21):2809-2821. 
Miller KM, Tjeertes JV, Coates J, Legube G, Polo SE, Britton S & Jackson SP. (2010) Human 
HDAC1 and HDAC2 function in the DNA-damage response to promote DNA 
nonhomologous end-joining. Nat Struct Mol Biol 17(9):1144-1151. 
Myers JS & Cortez D (2006) Rapid activation of ATR by ionizing radiation requires ATM 
and Mre11. J Biol Chem 281(14):9346-9350. 
Nag A, Germaniuk-Kurowska A, Dimri M, Sassack M, Gurumurthy CB, Gao Q, Dimri G, 
Band H, & Band V (2007) An essential role of human ADA3 in p53 acetylation. J 
Biol Chem. 282,8812–8820. 
Nakanishi K, et al. (2002) Interaction of FANCD2 and NBS1 in the DNA damage response. 
Nat Cell Biol 4(12):913-920. 
Namiki Y & Zou L (2006) ATRIP associates with replication protein A-coated ssDNA 
through multiple interactions. Proc Natl Acad Sci U S A 103(3):580-585. 
Nicassio F, Taniguchi T, Ranganathan V, New HV, Moreau LA, Stotsky M, Mathew CG, 
Kastan MB, Weaver DT & D'Andrea AD. (2007) Human USP3 is a chromatin 
modifier required for S phase progression and genome stability. Curr Biol 
17(22):1972-1977. 
Oberdoerffer P, Michan S, McVay M, Mostoslavsky R, Vann J, Park SK, Hartlerode A, 
Stegmuller J, Hafner A, Loerch P, Wright SM, Mills KD, Bonni A, Yankner BA, 
Scully R, Prolla TA, Alt FW & Sinclair DA. (2008) SIRT1 redistribution on 
chromatin promotes genomic stability but alters gene expression during aging. Cell 
135(5):907-918. 
Osborn AJ, Elledge SJ, & Zou L (2002) Checking on the fork: the DNA-replication stress-
response pathway. Trends Cell Biol 12(11):509-516. 
Pandita TK, Lieberman HB, Lim DS, Dhar S, Zheng W, Taya Yand Kastan MB. (2000) 
Ionizing radiation activates the ATM kinase throughout the cell cycle. Oncogene 
19(11):1386-1391 
Parrilla-Castellar ER, Arlander SJ, & Karnitz L (2004) Dial 9-1-1 for DNA damage: the Rad9-
Hus1-Rad1 (9-1-1) clamp complex. DNA Repair (Amst) 3(8-9):1009-1014.  
www.intechopen.com
 
Damage and Replication Stress Responses 
 
197 
Passalaris TM, Benanti JA, Gewin L, Kiyono T, & Galloway DA (1999) The G(2) checkpoint 
is  maintained by redundant pathways. Mol Cell Biol 19(9):5872-5881. 
Paul R, Andreassen, Alan D. D'Andrea & Toshiyasu Taniguchi.. (2004) Cell cycle-dependent  
dynamic localization of a bacterial response regulator with a novel di-guanylate 
cyclase output domain. Genes Dev 18(6):715-727. 
Paull TT & Lee JH (2005) The Mre11/Rad50/Nbs1 complex and its role as a DNA  double-
strand break sensor for ATM. Cell Cycle 4(6):737-740. 
Peng CY, Graves PR, Thoma RS, Wu Z, Shaw AS & Piwnica-Worms H. (1997) Mitotic and 
G2 checkpoint control: regulation of 14-3-3 protein binding by phosphorylation of 
Cdc25C on serine-216. Science 277(5331):1501-1505. 
Pickart CM (2001) Mechanisms underlying ubiquitination. Annu Rev Biochem 70:503-533. 
Rhind N, Furnari B, & Russell P (1997) Cdc2 tyrosine phosphorylation is required for the 
DNA damage checkpoint in fission yeast. Genes Dev 11(4):504-511.  
Richard DJ, Bolderson E, Cubeddu L, Wadsworth RI, Savage K, Sharma GG, Nicolette ML,  
Tsvetanov S, McIlwraith MJ, Pandita RK, Takeda S, Hay RT, Gautier J, West SC, 
Paull TT, Pandita TK, White MF & Khanna KK. (2008) Single-stranded DNA-
binding protein hSSB1 is critical for genomic stability. Nature 453(7195):677-681. 
So S, Davis AJ, & Chen DJ (2009) Autophosphorylation at serine 1981 stabilizes ATM at 
DNA damage sites. J Cell Biol 187(7):977-990. 
Savitsky K, Bar-Shira A, Gilad S, Rotman G, Ziv Y, Vanagaite L, Tagle DA, Smith S, Uziel T, 
Sfez S, Ashkenazi M, Pecker I, Frydman M, Harnik R, Patanjali SR, Simmons A, 
Clines GA, Sartiel A, Gatti RA, Chessa L, Sanal O, Lavin MF, Jaspers NG, Taylor 
AM, Arlett CF, Miki T, Weissman SM, Lovett M, Collins FS & Shiloh Y. (1995) A 
single ataxia telangiectasia gene with a product similar to PI-3 kinase. Science 
268(5218):1749-1753. 
Scully R, Chen J, Ochs RL, Keegan K, Hoekstra M, Feunteun J & Livingston DM. (1997) 
Dynamic changes of BRCA1 subnuclear location and phosphorylation state are 
initiated by DNA damage. Cell 90(3):425-435. 
Shao G, Lilli DR, Patterson-Fortin J, Coleman KA, Morrissey DE & Greenberg RA. (2009) 
TheRap80-BRCC36 de-ubiquitinating enzyme complex antagonizes RNF8-Ubc13-
dependent ubiquitination events at DNA double strand breaks. Proc Natl Acad Sci U 
S A 106(9):3166-3171. 
Shi X, Kachirskaia I, Yamaguchi H, West LE, Wen H, Wang EW, Dutta S, Appella E & 
Gozani O.(2007) Modulation of p53 function by SET8-mediated methylation at 
lysine 382. Mol Cell 27(4):636-646. 
Shieh SY, Ahn J, Tamai K, Taya Y, & Prives C (2000) The human homologs of checkpoint 
kinases Chk1 and Cds1 (Chk2) phosphorylate p53 at multiple DNA damage-
inducible sites. Genes Dev 14(3):289-300. 
Shiloh Y (2001) ATM and ATR: networking cellular responses to DNA damage. Curr Opin 
Genet Dev 11(1):71-77. 
Shiloh Y (2003) ATM and related protein kinases: safeguarding genome integrity. Nat Rev 
Cancer 3(3):155-168. 
Shiloh Y (2006) The ATM-mediated DNA-damage response: taking shape. Trends Biochem 
Sci 31(7):402-410. 
Shiotani B & Zou L (2009) ATR signaling at a glance. J Cell Sci 122(Pt 3):301-304. 
www.intechopen.com
 
DNA Replication - Current Advances 
 
198 
Sobhian B, Shao G, Lilli DR, Culhane AC, Moreau LA, Xia B, Livingston DM & Greenberg 
RA. (2007) RAP80 targets BRCA1 to specific ubiquitin structures at DNA damage 
sites. Science 316(5828):1198-1202. 
Stewart GS (2009) Solving the RIDDLE of 53BP1 recruitment to sites of damage. Cell Cycle 
8(10):1532-1538.Stokes MP, Van Hatten R, Lindsay HD, & Michael WM (2002) DNA 
replication is required for the checkpoint response to damaged DNA in Xenopus 
egg extracts. J Cell Biol 158(5):863-872. 
Stucki M, Clapperton JA, Mohammad D, Yaffe MB, Smerdon SJ & Jackson SP. (2005) MDC1 
directly binds phosphorylated histone H2AX to regulate cellular responses to DNA 
double-strand breaks. Cell 123(7):1213-1226. 
Stucki M & Jackson SP (2006) gammaH2AX and MDC1: anchoring the DNA-damage-
responsemachinery to broken chromosomes. DNA Repair (Amst) 5(5):534-543. 
Sun Y, Jiang X, Chen S, Fernandes N, & Price BD (2005) A role for the Tip60 
histoneacetyltransferase in the acetylation and activation of ATM. Proc Natl Acad Sci 
U S A 102(37):13182-13187. 
Sun Y, Xu Y, Roy K, & Price BD (2007) DNA damage-induced acetylation of lysine 3016 of 
ATM activates ATM kinase activity. Mol Cell Biol 27(24):8502-8509. 
Sun Y, Jiang X, Xu Y, Ayrapetov MK, Moreau LA, Whetstine JR & Price BD. (2009) Histone 
H3 methylation links DNA damage detection to activation of the tumour 
suppressor Tip60. Nat Cell Biol 11(11):1376-1382. 
Sykes SM, Mellert HS, Holbert MA, Li K, Marmorstein R, Lane WS & McMahon SB. (2006) 
Acetylation of the p53 DNA-binding domain regulates apoptosis induction. Mol 
Cell 24(6):841-851. 
Tanaka T, Halicka HD, Huang X, Traganos F, & Darzynkiewicz Z (2006) Constitutive 
histone H2AX phosphorylation and ATM activation, the reporters of DNA damage 
by endogenous oxidants. Cell Cycle 5(17):1940-1945. 
Tanaka T, Huang X, Halicka HD, Zhao H, Traganos F, Albino AP, Dai W & Darzynkiewicz 
Z. (2007) Cytometry of ATM activation and histone H2AX phosphorylation to 
estimate extent of DNA damage induced by exogenous agents. Cytometry A 
71(9):648-661. 
Tang Y, Luo J, Zhang W, & Gu W (2006) Tip60-dependent acetylation of p53 modulates the 
decision between cell-cycle arrest and apoptosis. Mol Cell 24(6):827-839. 
Tang Y, Zhao W, Chen Y, Zhao Y, & Gu W (2008) Acetylation is indispensable for p53 
activation. Cell 133(4):612-626. 
Taniguchi T, Garcia-Higuera I, Andreassen PR, Gregory RC, Grompe M & D'Andrea AD. 
(2002) S-phase-specific interaction of the Fanconi anemia protein, FANCD2, with 
BRCA1 and RAD51. Blood 100(7):2414-2420. 
Tibbetts RS, Brumbaugh KM, Williams JM, Sarkaria JN, Cliby WA, Shieh SY, Taya Y, Prives 
C & Abraham RT. (1999) A role for ATR in the DNA damage-induced 
phosphorylation of p53. Genes Dev 13(2):152-157. 
Toledo F & Wahl GM (2006) Regulating the p53 pathway: in vitro hypotheses, in vivo 
veritas. Nat Rev Cancer 6(12):909-923. 
Trenz K, Smith E, Smith S, & Costanzo V (2006) ATM and ATR promote Mre11 dependent 
restart of collapsed replication forks and prevent accumulation of DNA breaks. 
Embo J 25(8):1764-1774. 
www.intechopen.com
 
Damage and Replication Stress Responses 
 
199 
Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L & Shiloh Y. (2003) Requirement of 
the MRN complex for ATM activation by DNA damage. Embo J 22(20):5612-5621. 
van Attikum H & Gasser SM (2009) Crosstalk between histone modifications during the 
DNA damage response. Trends Cell Biol 19(5):207-217. 
van den Bosch M, Bree RT, & Lowndes NF (2003) The MRN complex: coordinating and 
mediating the response to broken chromosomes. EMBO Rep 4(9):844-849. 
Wang H, Zhao Y, Li L, McNutt MA, Wu L, Lu S, Yu Y, Zhou W, Feng J, Chai G, Yang Y & 
Zhu WG.(2008) An ATM- and Rad3-related (ATR) signaling pathway and a 
phosphorylation-acetylation cascade are involved in activation of P53/P21Waf1/Cip1 
in response to 5-aza-2'-deoxycytidine treatment. J Biol Chem 283(5):2564-2574. 
Wright JA, Keegan KS, Herendeen DR, Bentley NJ, Carr AM, Hoekstra MF & Concannon P. 
(1998) Protein kinase mutants of human ATR increase sensitivity to UV and 
ionizing radiation and abrogate cell cycle checkpoint control. Proc Natl Acad Sci U S 
A 95(13):7445-7450. 
Wu X & Ranganathan V. (2000) ATM phosphorylation of Nijmegen breakage syndrome 
protein is required in a DNA damage response. Nature 405(6785):477-482. 
Wu-Baer F, Lagrazon K, Yuan W, & Baer R (2003) The BRCA1/BARD1 heterodimer 
assembles polyubiquitin chains through an unconventional linkage involving 
lysine residue K6 of ubiquitin. J Biol Chem 278(37):34743-34746. 
Wyman C & Kanaar R (2006) DNA double-strand break repair: all's well that ends well. 
Annu Rev Genet 40:363-383. 
Yan S & Michael WM (2009) TopBP1 and DNA polymerase alpha-mediated recruitment of 
the 9-1-1 complex to stalled replication forks: implications for a replication restart-
based mechanism for ATR checkpoint activation. Cell Cycle 8(18):2877-2884. 
Yang J, Yu Y, Hamrick HE, & Duerksen-Hughes PJ (2003) ATM, ATR and DNA-PK: 
initiators of the cellular genotoxic stress responses. Carcinogenesis 24(10):1571-1580. 
Yoo HY, Kumagai A, Shevchenko A, & Dunphy WG (2007) Ataxia-telangiectasia mutated 
(ATM)-dependent activation of ATR occurs through phosphorylation of TopBP1 by 
ATM. J Biol Chem 282(24):17501-17506. 
Yoshioka K, Yoshioka Y, & Hsieh P (2006) ATR kinase activation mediated by MutSalpha 
and MutLalpha in response to cytotoxic O6-methylguanine adducts. Mol Cell 
22(4):501-510. 
You Z, Kong L, & Newport J (2002) The role of single-stranded DNA and polymerase alpha 
in establishing the ATR, Hus1 DNA replication checkpoint. J Biol Chem 
277(30):27088-27093. 
Yu X, Chini CC, He M, Mer G, & Chen J (2003) The BRCT domain is a phospho-protein 
binding domain. Science 302(5645):639-642. 
Yuan Z, Zhang X, Sengupta N, Lane WS, & Seto E (2007) SIRT1 regulates the function of the 
Nijmegen breakage syndrome protein. Mol Cell 27(1):149-162. 
Zhan Q, Bae I, Kastan MB, & Fornace AJ, Jr. (1994) The p53-dependent gamma-ray response  
of GADD45. Cancer Res 54(10):2755-2760. 
Zhao S & Weng YC. (2000) Functional link between ataxia-telangiectasia and Nijmegen  
breakage syndrome gene products. Nature 405(6785):473-477. 
Zhao Y, Lu S, Wu L, Chai G, Wang H, Chen Y, Sun J, Yu Y, Zhou W, Zheng Q, Wu M, 
Otterson GA & Zhu WG. (2006) Acetylation of p53 at lysine 373/382 by the histone 
www.intechopen.com
 
DNA Replication - Current Advances 
 
200 
deacetylase inhibitor depsipeptide induces expression of p21(Waf1/Cip1). Mol Cell 
Biol 26(7):2782-2790. 
Zhou BB & Elledge SJ (2000) The DNA damage response: putting checkpoints in 
perspective. Nature 408(6811):433-439. 
Zhu WG, HT, Ke Y, Wang P, Lu S, Duan W, Dai Z, Tong T, Villalona-Calero MA, Plass C & 
Otterson GA (2004) 5-aza-2'-deoxycytidine activates the p53/p21Waf1/Cip1 
pathway to inhibit cell proliferation. J Biol Chem. 279(15):15161-15166. 
Zou L, Cortez D, & Elledge SJ (2002) Regulation of ATR substrate selection byRad17-
dependent loading of Rad9 complexes onto chromatin. Genes Dev 16(2):198-208. 
Zou L, Liu D, & Elledge SJ (2003a) Replication protein A-mediated recruitment and 
activation of Rad17 complexes. Proc Natl Acad Sci U S A 100(24):13827-13832. 
Zou L & Elledge SJ (2003b) Sensing DNA damage through ATRIP recognition of RPA-
ssDNA complexes. Science 300(5625):1542-1548. 
www.intechopen.com
DNA Replication-Current Advances
Edited by Dr Herve Seligmann
ISBN 978-953-307-593-8
Hard cover, 694 pages
Publisher InTech
Published online 01, August, 2011
Published in print edition August, 2011
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
The study of DNA advanced human knowledge in a way comparable to the major theories in physics,
surpassed only by discoveries such as fire or the number zero. However, it also created conceptual shortcuts,
beliefs and misunderstandings that obscure the natural phenomena, hindering its better understanding. The
deep conviction that no human knowledge is perfect, but only perfectible, should function as a fair safeguard
against scientific dogmatism and enable open discussion. With this aim, this book will offer to its readers 30
chapters on current trends in the field of DNA replication. As several contributions in this book show, the study
of DNA will continue for a while to be a leading front of scientific activities.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Haiying Wang, Ping Shen and Wei-Guo Zhu (2011). Damage and Replication Stress Responses, DNA
Replication-Current Advances, Dr Herve Seligmann (Ed.), ISBN: 978-953-307-593-8, InTech, Available from:
http://www.intechopen.com/books/dna-replication-current-advances/damage-and-replication-stress-responses
© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.
